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Abstract 
Cities worldwide are on the route to implement the Global Protocol for Community-Scale Greenhouse Gas Emission Inventories 
(GPC). However, many of these cities are already reporting or have reported their GHG emission in non GPC conform tools. We 
use a city heat cadaster integrated into an OGC CityGML 3D model to compare mapping schemes from the cCR by ICLEI, 
ECOSPEED Region and GPC. We demonstrate potential information losses and inconsistencies leading to potential 
uncertainties. In conclusion consistent data structures like CityGML are essential in order to use city GHG data for Monitoring, 
Reporting and Verification (MRV). 
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1. Introduction 
Cities are the engines of national and global growth. Urban areas account for half of the world’s population as of 
today, but they already generate 80% of Global Domestic Product (GDP). They are also associated with around 70% 
of global energy consumption and energy-related greenhouse gas (GHG) emissions [1]. Cities and urban areas will 
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house nearly all of the world’s net population growth over the next two decades. By 2050, the urban population will 
reach two thirds of the global population [2]. The monitoring, reporting and verification (MRV) of greenhouse-gas 
emissions from cities is therefore essential in order to quantify the substantial climate change impact and mitigation 
activities in urban systems. Many cities have self-imposed GHG mitigation targets, which are clearly more ambitious 
than national governmental targets. According to the cities carbonn Climate Registry, of 597 mitigation 
commitments submitted by local municipal authorities, 54% of climate commitments with targets until 2020 are 
more ambitious than reduction commitments from most national actors under the Kyoto Protocol [3]. However, there 
are a number of different protocols and reporting formats used to report their data with different foci and reporting 
procedures which make it difficult if not impossible to track emission reductions in a comparable and most 
importantly transparent way. In general, GHG emissions are calculated by the general equation: 
 
EFAE             (1) 
 
with E, the emissions in CO2 equivalents of a given activity A multiplied by an emission factor EF. Activity data is 
defined as data on the magnitude of any kind of actions which result in GHG emissions or removals taking place 
during a given period of time with a set spatial boundary. Emission factors are a conversion factor defined as the 
average emission rate of GHG for a specified source, relative to units of activity [4]. The calculated GHG emissions 
are then aggregated and reported in different protocols. The study presented here focuses on the protocols resp. 
registries Global Protocol for Community-Scale GHG Emissions (GPC), ECOSPEED Region, and carbonn Climate 
Registry (cCR). In the following, a short definition of these most common protocol.  
The GPC is the most recent framework to calculate and report city-scale GHG emissions and aims to standardize 
reporting globally. It was initiated by the World Resource Institute (WRI), ICLEI – Local Governments for 
Sustainability and C40 Cities Climate Leadership Group. GPC classifies city GHG emissions into six sectors 
(‘stationary energy’, ‘transportation’, ‘waste’, ‘industrial processes and product use (IPPU)’, ‘agriculture, forestry 
and other land use (AFOLU)’, and ‘other scope 3’) subdivided into several sub-sectors. Furthermore, it uses the 
concept of scopes to distinguish between emissions which emerge inside as well as outside the city's boundary: 
emissions that occur within the city boundary (scope 1), emissions that occur from usage of grid supplied energy, 
steam, heating/cooling (scope 2), and emissions that occur outside the city boundary as a result of activities within 
the city (scope 3).  
ECOSPEED Region is a commercial tool for balancing energy and CO2 emissions. It is developed by 
ECOSPEED (Switzerland) and it is used by a number of German municipalities and the member cities of the 
Climate Alliance[5]. It provides default emission factors and reporting categories in a web interface. For the 
resulting CO2 balance ECOSPEED Region defines four sectors (‘residential buildings’, ‘municipal buildings’, 
‘economy buildings’, and ‘transport’) with several sub-sectors. In contrast to the GPC it does not use the concept of 
scopes. The tool allows the export of the GHG balance compliant with the Sustainable Energy Action Plan (SEAP) 
and Benchmark of Municipal Climate Protection. 
cCR is a platform for reporting the GHG emissions of cities, published by ICLEI [6]. It offers a web interface to 
enter the emission data and encourages bottom up emission reporting from local communities. cCR distinguishes 
between emissions from the local municipal operations and community emissions. With the former usually being a 
subset of the latter. To report the community emissions cCR, defines eight sectors (‘residential’, ‘commercial’, 
‘industrial, transport, industrial processes and product use (IPPU)’, ‘agriculture, forestry and other land use 
(AFOLU)’, ‘waste’, and ‘other emissions’) with several subsectors. The data are requested as the sum of scope 1 and 
scope 2 emissions, unless stated otherwise. Whilst Scope 3 emission data can be submitted in additional documents. 
A further breakdown of scopes is proposed for the future. 
In this paper we calculate city GHG emissions based on building scale energy consumption in connection with a 
3D city model, which is developed based on the Open Geospatial Consortium (OGC) City Geography Markup 
Language (CityGML), the international standard for the representation objects in cites[7]. Using bottom-up activity 
data instead of top-down data allows us to analyze the effect of different GHG reporting schemes on the uncertainty 
in the reported emission values.   
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2. Methods and Data 
We based our analysis on an energy consumption datasets provided by a city in Germany. The datasets consist of 
a 'Wärmekataster' (heating cadaster) and the CityGM-based virtual 3D city model. The heating cadaster consists of 
energy related data for each building, such as consumption by fuel type and associated CO2 emissions as current data 
based on a survey and scenario values of future projection of development. The 3D city model provides geometrical, 
topological and semantic information about the buildings within the city in order to calculate the GHG-related 
information using building area and volume data. The 3D city model buildings are linked to the real estate cadaster 
(amtliches Liegenschaftskatasterinformationssystem (ALKIS)) by a unique identifier (ALKIS code). Using the 
ALKIS link we mapped the building function to the 3D city model. With the ALKIS code in place the buildings in 
the 3D city model are then linked to the different GHG protocols, making the 3D city model the central data 
structure in the method used.  
3. Results and Discussion 
In the analysis uncertainties in incoherent mappings between the different GHG protocols as well as between the 
protocols and the ALKIS data structure have been identified. 
3.1. Uncertainty in GHG protocols 
The cCR protocol does not specify scopes, but rather combines scope 1 and scope 2 emissions leading to a loss of 
these separations when linking it to the GPC. In addition, the data of scope 3 emissions in the GPC are not defined in 
cCR, which leads to information losses. As cCR distinguishes between community and municipal activities, in 
contrast to the GPC, a mapping of municipal activities requires a number of assumptions. For the mapping of the 
community activities there is a 1:1 mapping between cCR and GPC as depicted by table 1 in the Annex.  
A mapping between cCR and ECOSPEED Region reporting classes is more straight forward (annex Tab. A.2). In 
contrast, in difference to the cCR to GPC linkage, a mapping of municipal emissions is possible, since both protocols 
specify sectors for municipal emissions. However, there is no full 1:1 mapping in either direction which requires 
assumptions introducing uncertainties. For instance, the two cCR sectors ‘industrial’ and ‘industrial processes’ are 
mapped to the one ECOSPEED Region subsector ‘secondary sector’.  
Mapping between GPC and ECOSPEED Region is more difficult than the other mappings and introduces 
uncertainties, as depicted by table A.3 in the annex. For instance, the ECOSPEED Region sector ‘residential’ 
(Haushalte) is mapped to the GPC subsectors ‘residential buildings’ and the ECOSPEED Region subsector 
‘municipal  buildings’ (Kommunale Gebäude) is mapped to the two GPC subsectors ‘residential buildings’ and 
‘commercial/institutional facilities’ and this introduces uncertainty. 
In summary, the different definitions of sectors and the different uses of scopes are sources for uncertainties when 
mapping between protocols. Not all sectors of one protocol can be mapped unambiguously to the sectors of another 
protocol. In addition, not all protocols make use of the scope or combine scopes. The same remains true if protocols 
distinguish between community and municipal emissions, while GPC does not. 
3.2. Uncertainty of the Aggregation Process from ALKIS to GHG protocols 
Variations in protocols definition of sectors has been identified and this introduces uncertainties when mapping 
between protocols. However, since these sectors describe aggregations of city objects which can be very diverse, the 
definition of a sector by itself may introduce uncertainties. For example the differences in CO2 emissions between a 
single family house and a multi-story residential building reporting in the same class. Furthermore, the mapping of a 
building to a sector by its function may be ambiguous. For instance, a residential building with a business operating 
in the ground floor cannot be mapped to one specific class. In this case, the building may be mapped to the 
residential or the commercial sector or both. These uncertainties have been analyzed based on the data from the 
heating cadaster and the 3D city model-related ALKIS classes. 
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Initially the number of buildings assigned to each sector were counted. In order to do this a mapping between a 
building function and a sector was created; one building function can be mapped to up to three sectors. For instance, 
the function 'residential building with business and industry' (Wohngebäude mit Gewerbe und Industrie – 1130) was 
mapped to the GPC subsectors 'residential buildings', 'commercial and institutional buildings/facilities', and 
'manufacturing industry and construction'.  
 
Fig 1 ALKIS building numbers associated to GPC reporting classes and associated uncertainties in black and light grey 
Figure 1 visualizes the number of buildings assigned to each GPC class with a number of 1:1 (unambiguous – 
one2one) mappings between ALKIS building functions and GPC subsectors, the number of buildings with a 1: n 
classes mapping which can’t be mapped to one certain sector, and the number of buildings distributed evenly over 
the possible sectors. For instance, a building with the function 'residential building with business’ is assigned to both 
sectors 'residential buildings' and 'commercial and institutional facilities/buildings' as a 1:n classes mapping. 
However, a building with the function 'residential building with business' is assigned to one of the two sectors either 
'residential buildings' or 'commercial and institutional facilities/buildings' with the same probability.  
It can be seen that most of the buildings in the test city can be assigned to GPC subsectors unambiguously. 
However, the subsectors 'manufacturing industry and construction', 'commercial and institutional buildings/facilities' 
and 'residential buildings' contain buildings which have uncertain mapping. Table 1 lists the GPC subsectors with 
ambiguous mappings and their numbers. 
Figure 2 shows the number of buildings assigned of ALKIS functions to ECOSPEED Region classes. The color 
codes are the same as in Figure 4. 'NA' comprises the functions which cannot be mapped to EcoRegion sectors (e.g. 
summer house (Gartenhaus)). EcoRegion does not provide a sector for non-specified sources. It can be seen that five 
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sectors contain ambiguous mappings. Table 2 lists the ECOSPEED Region sectors with ambiguous mappings and 
their numbers. 
 
 
 
Table 1. GPC subsectors with ambiguous mappings, 
Subsector Name  # 1:1 Mappings # 1:n Mappings #Distributed 
Mappings 
Residential buildings 16190 761 733 
Commercial and institutional buildings/facilities 17853 754 727 
Manufacturing industry and construction 2016 56 29 
Agriculture, forestry, and fishing 
activities 
3393 8 7 
 
Fig.2  Number of buildings per sector after ECOSPEED Region with light grey and black expressing the uncertainties in the mappings 
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Table 2. ECOSPEED Region sectors with ambiguous mappings, 
Subsector Name # 1:1 Mappings # 1:n Mappings # Distributed Mappings 
Households (Haushalte) 16271 799 771 
Municipal  Buildings (kommunale Gebäude) 949 636 637 
Primary Sector (Primärer Sektor) 3393 8 7 
Secondary Sector (Sekundärer Sektor) 987 569 543 
Tertiary Sector (Tertiärer Sektor) 9061 1895 1866 
 
Analyzing the effect the resolution of each class gives more insights into the uncertainty of the aggregation 
process. For instance, Figure 3 identifies the CO2 emissions of the defined sectors for the GPC and ECOSPEED 
Region. They demonstrate that the distribution of CO2 emissions are similar in similar sectors. However, ‘energy 
industries’ a GPC sector, is inconsistent as evident from its wide range and pronounced skewness. Moreover, the 
comparable sectors 'agriculture, forestry and fishing activities’ and 'Primärer Sektor: Wirtschaft' (primary sector)) 
also display a high level skew.  
 
Fig. 3. Boxplots of CO2 emissions of defined sectors for the protocols GPC (a) and ECOSPEED (b). 
 
The observation of skewness emphasized by Figure 4 which visualizes the probability density functions of the 
defined sectors for GPC and ECOSPEED Region. The huge range and skewness of the GPC sector ‘energy 
industries’ in Figure 4 can be explained by the small number of buildings in this sectors and the missing sharp peak 
in the corresponding probability density function. Regarding the sectors ‘agriculture, forestry and fishing activities’ 
and ‘Primärer Sektor: Wirtschaft’ it can be seen from Figure 4 that these are the ones with high CO2 emission value. 
 
 
b) a) 
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Fig. 4. Probability density functions of defined sectors for (a) GPC and (b) ECOSPEED Region 
4. Summary and Conclusions 
In this study we were able to identify uncertainties in the mapping between GHG protocols as well as in the 
aggregation process from ALKIS classes to GHG protocols using bottom-up data. In terms of data aggregation to 
GHG reporting classes we were able to identify a strong heterogeneity in the building stock using the heating 
cadaster data mapped on the CityGML model. This concept was supported by the skewness GHG emissions from 
buildings within a reporting class, indicating that mean values are not necessarily the most common emission values 
in a particular class. Also the different class resolution in the GHG reporting protocols influence the reported 
sectorial values due to the smoothing effect of higher building numbers in particular large classes.  
Finally the linkage between the CityGML 3D city model building information with ALKIS energy and GHG data 
seems to be a suitable approach to develop MRV tools for cities which are able to report under different protocols 
and include uncertainty information.  
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Appendix A. Protocol Mappings 
 
Tab. A.1. Mapping of sectors between cCR and GPC. 
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Tab. A.2. Mapping of sectors between cCR and ECOSPEED Region. 
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Tab. A.3. Mapping of sectors between GPC and ECOSPEED Region. 
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